We have demonstrated a 5-msec, quasi-cw 10-Hz repetition-rate pulsed single-frequency Nd:YAG oscillator with a feedback-stabilized frequency bandwidth of less than 200 kHz.
Frequency-stabilized, single-mode Nd:YAG is potentially a useful laser source for high-resolution subDoppler nonlinear spectroscopy' and for atmospheric wind-velocity measurements by coherent lidar Doppler velocimetry. 2 
'
3 The remote wind measurements require a laser source with less than 1-MHz linewidth and a 1-J, 1-,usec-duration transmitted pulse. A local oscillator with a 1-mW, 5-msec duration pulse for heterodyne detection of the return signal at up to a 700-km measurement range is also needed for eventual satellitebased global wind measurements. During the past year we have pursued the design of a single-axial-mode Nd:YAG oscillator with the goal of achieving submegahertz frequency stability for applications to nonlinear spectroscopy and remote wind-velocity measurements.
Early work on single-frequency Nd:YAG demonstrated that cw lamp-pumped oscillators could be operated in a stable single axial mode. 4 ' 5 Typically, measured frequency stabilities were +30 MHz at the 100-200-mW cw output-power level. Recent work concentrated on obtaining single-axial-mode output from Q-switched oscillators pumped by pulsed flashlamp excitation. 6 -9 Reasonably stable single-axialmode selection was demonstrated, but long-term stable-mode selection proved difficult to achieve.
The use of injection locking 1 0 led to stable singleaxial-mode operation of the high-power unstable-resonator Nd:YAG source. 11 However, the 10-nsec, Qswitched pulse length limited the injected oscillator bandwidth at 1.064 ,ym to 50 MHz. Measurements showed, however, that the master oscillator with a 4-,usec-duration pulse operated with a frequency chirp that was less than the 9-MHz resolution of the interferometric wavelength analyzer. Thus there was a possibility that linewidths of less than 1 MHz could be achieved in a properly designed oscillator. We have designed and constructed a quasi-cw flashlamp-pumped, short-cavity TEMoo-mode Nd:YAG oscillator. Figure 1 is a schematic drawing of the oscillator, which has a physical cavity length of 8 cm. The 3.0-cm-long 3-mm-diameter Nd:YAG rod and the internal 1-cm-long LiNbO 3 phase modulator result in a cavity optical length of 12 cm and an axial mode spacing of 1.25 GHz. A single axial mode is selected with a 2-mm-thick, finesse-of-seven, solid fused-silica tilted 6talon. The resonator length is controlled by a piezoelectric-crystal-driven mirror and by the internal LiNbO 3 modulator. The laser output beam is well polarized because of the presence of the Brewster plate or, when that is removed, because of the difference in the optical quality for waves with ordinary (high-quality) and extraordinary (low-quality) polarization in the LiNbO 3 crystal. Spatial hole burning is eliminated by two quarter-wave plates placed at each end of the Nd:YAG rod.' 2 The entire laser structure is temperature stabilized by temperature-controlled circulating water.
The quasi-cw lamp operation using a krypton-arc lamp was chosen to avoid the power instabilities inherent in tungsten-lamp pumping. Quasi-cw operation also reduced the required average lamp power from 1000 to only 60 W. This in turn significantly reduced the thermal loading on the Nd:YAG rod, thus giving improved laser stability. At the beginning of each quasi-cw pulse, the laser spikes. The spiking pulses decay exponentially in 250 ,usec to a constant 100-mW cw laser output.
The flashlamp is simmered and pulsed for 5 msec at a 10-Hz repetition rate. The flashlamp current must be increased during the pulse to maintain constant laser-output power, as was noted by Kuizenga. Unlike with pure-cw operation, there are two major problems that must be solved to achieve frequency stabilization for quasi-cw operation. The first problem is the frequency chirp caused by periodic pumping and heating of the Nd:YAG rod. We measured the chirp rate by monitoring the laser power transmitted through a 10-cm, high-finesse confocal-interferometer spectrum analyzer. The position of the transmitted peak, shown in Fig. 2(a) , can be measured versus bias voltage on the piezoelectric stack of the resonator to yield an accurate value of the chirp rate. The measurement showed a 30-kHz/jssec chirp rate that is constant on a pulse-topulse basis. The chirp can be compensated for, as shown in Fig. 2(b) , by applying a 2-V/msec ramp voltage on the resonator piezoelectric stack. Figure 2(b) shows that the residual frequency deviations are 15 MHz. A close look at the remaining frequency fluctuations shows that they are composed of a reproducible (on a pulseto-pulse basis) high-frequency component that is due to acoustic ringing of the piezoelectric stack and a lowfrequency random fluctuation that is caused by the circulating water.
The second problem for quasi-cw operation is that the feedback-control signal is not continuously available. To solve this difficulty and overcome the frequency jitter between pulses and long-term frequency drift, we have developed a special locking system, shown schematically in Fig. 3 , which employs a novel search technique to reset the laser wavelength to the confocal-interferometer peak at the beginning of each laser pulse. The search process involves backstepping the voltage on the piezoelectric stack at the end of a pulse and initiating a ramp at the beginning of the next pulse [shown in the lower trace of Fig. 2(b) ]. The ramp sweeps the wavelength until the detector senses the laser signal transmitted by the interferometer. The piezoelectric voltage is then switched to the chirp-compensation ramp voltage to compensate for the chirp during the rest of the pulse period.
A second wide-bandwidth feedback loop monitors the power transmitted through the confocal interferometer and provides feedback to the LiNbO 3 phase modulator. This loop locks the laser wavelength to the side of the interferometer peak. For open-loop operation with search and chirp compensation, the laser-frequency deviation, shown in Fig. 4(a) , is about 15 MHz. The lower trace is the laser output power versus time.
Closed-loop measurements shown in Fig. 4(b) demonstrate that the frequency stability is enhanced significantly, and the laser-output linewidth is reduced to less than 200 kHz. The search and subsequent locking system ensures that frequency-stabilized single-mode operation is achieved on every pulse. The system has the ability to relocate the lock position even after turned off for short periods and has operated continuously for many hours. Work is in progress to eliminate the piezoelectric ringing and to reduce the laser linewidth further.
In the future, absolute wavelength stabilization may be achieved by frequency doubling in warm phasematching LiNbO 3 (Ref. 14) and by locking the second harmonic to a hyperfine component' 5 of one of the iodine-absorption transitions. 7 For applications in high-resolution nonlinear spectroscopy and in atmospheric wind measurements, a short part of the 5-msec quasi-cw Nd:YAG output must be sliced with a Pockels-cell switch and amplified. We have demonstrated a gain of 600 in a double-pass Nd:
YAG preamplifier. The demonstration experiment utilized a double-pass KD*P Q-switch crystal for pulse-width selection, followed by a double-pass 4-mm-diameter amplifier rod pumped by a pulsed flashlamp. The high gain and reasonable energy storage of Nd:YAG is an important advantage for the laser-amplifier system. We expect to achieve greater than 500 mJ of energy in a 1-gsec pulse at a 10-Hz repetition rate following a 6.3-mm-diameter saturated final amplifier.
In conclusion, we have demonstrated operation of a stabilized single-axial-mode Nd:YAG oscillator with a frequency bandwidth of less than 200 kHz. The quasi-cw oscillator provides 100 mW of power for a 5-msec-duration pulse at a 10-Hz repetition rate. Further reduction in the linewidth, limited by Fourier transform and shot-noise considerations, appears possible. The frequency-stabilized oscillator, followed by a Nd:YAG amplifier, is a nearly ideal, all-solid-state laser source for atmospheric wind-velocity measurements by coherent Doppler lidar. It should also have applications in high-resolution nonlinear spectroscopic studies at Fourier-transform-limited linewidths.
